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Edited by Hans EklundAbstract Lysine biosynthesis is crucial for cell-wall formation
in bacteria. Enzymes involved in lysine biosynthesis are thus po-
tential targets for anti-microbial therapeutics. Dihydrodipicoli-
nate synthase (DHDPS) catalyzes the ﬁrst step of this
pathway. Unlike its homologues, Staphylococcus aureusDHDPS
is a dimer both in solution and in the crystal and is not feedback
inhibited by lysine. The crystal structure of S. aureus DHDPS in
the free and substrate bound forms provides a structural rationale
for its catalytic mechanism. The structure also reveals unique
conformational features of the S. aureus enzyme that could be
crucial for the design of speciﬁc non-competitive inhibitors.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The pathogen Staphylococcus aureus is most known for its
ability to rapidly acquire resistance to front-line antibiotics
with reports of Methicillin resistant S. aureus (MRSA) out-
breaks in hospitals appearing at alarming regularity. The abil-
ity of these cocci to thrive in high antibiotic concentrations is
attributed to a variety of mechanisms, many of which remain
unexplored at the molecular level. Several broad-spectrum
antibiotics are currently used for the treatment of S. aureus
infections. The targets for these antibacterial drugs are
bacterial cell-wall biosynthesis (b-lactams and vancomycin),
bacterial protein synthesis (erythromycins, tetracyclins, amino-
glycosides and oxazolidinones) and bacterial DNA replication
and repair (ﬂuoroquinolones) [1]. It is therefore not very sur-
prising that the identiﬁed routes to drug resistance involve
these very molecular targets. Resistant strains thus demon-
strate modiﬁcations in surface proteins that promote coloniza-
tion of host tissues, biochemical variations that enhance
survival in phagocytes and evasion of the host immune system,
enhanced release of toxins that lyse eukaryotic cell membranes
and active eﬄux of antibiotics coupled with mutation events in
target molecules that abrogate the action of drugs [1]. A clear
demonstration of the adaptability of this microbe to antibiotic
stress was revealed in a genome-wide analysis to track the evo-
lution of a completely susceptible S. aureus strain to one that*Corresponding author. Fax: +91 80 23600535.
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doi:10.1016/j.febslet.2008.07.035was resistant to front-line antibiotics. This transformation in-
volved only 35 point mutations in 13 loci most of which were
localized to the purported targets of the anti-microbial agents
currently employed [2]. It is therefore imperative to explore
alternative targets for the design of anti-microbials in addition
to modiﬁcations in existing compounds. Enzymes involved in
lysine biosynthesis form a potential set of molecular targets
that have not been exploited for therapeutic intervention. In
this manuscript, we report the crystal structure of S. aureus
dihydrodipicolinate synthase (DHDPS), an essential enzyme
involved in lysine and cell-wall synthesis and discuss confor-
mational and biochemical features that could be exploited
for the design of inhibitors for this enzyme.
In most plants and bacteria, lysine is synthesized from aspar-
tate via the diaminopimelate pathway. In bacteria, this route
also serves as a branch-point intermediate for both lysine as
well as cell-wall component synthesis [3]. All the proteins in
the processing of diaminopimelic acid, better known as the ly-
sine biosynthetic pathway, are absent in mammals. These pro-
teins thus represent a set of clinically un-utilized molecular
targets that could be examined for the design of anti-microbial
compounds. In the lysine biosynthesis pathway, ﬁrst described
by Gilvarg [4], both L-lysine and meso-diaminopimelate (meso-
DAP) are synthesized in a multi-step process starting with L-
aspartate. DHDPS catalyzes the consecutive aldol condensa-
tion of pyruvate with L-aspartate semialdehyde (ASA) thereby
generating the a,b-unsaturated cyclic imine, dihydrodipicoli-
nate (DHDP). DHDP is subsequently reduced to tetrahydro-
dipicolinate. Both lysine and meso-DAP are essential
components of the peptidoglycan layer of the bacterial cell-
wall.
The crystal structures of DHDPS from several species are
now available. These include enzymes from Nicotiana sylvestris
[5], Escherichia coli [6], Thermotoga maritima [7], Bacillus
anthracis [8] andMycobacterium tuberculosis [9]. All these pro-
teins are homo-oligomers, with the active site located at the C-
terminal end of the TIM barrel domain ensconced between a
dimeric interface and is partially covered by a small helical do-
main. The catalytic mechanism of this enzyme is best explained
by a ping-pong mechanism [10,11] wherein pyruvate binds ﬁrst
to the e-amino group of a lysine residue at the active site. This
enamine intermediate then undergoes condensation with ASA
to release the product DHDP. A catalytic triad consisting of
two Tyr and a Thr residue form a proton relay motif to facil-
itate this catalytic condensation [12].
Notwithstanding this wealth of structural and biochemical
information, a few key questions on the regulation of this
enzyme persist. These include the apparent necessity of ablished by Elsevier B.V. All rights reserved.
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activity [13,14] and inhibition by the end-product lysine or lack
thereof in DHDPS from certain species of bacteria. Several
studies reported recently suggest that this enzyme is being seri-
ously pursued as a target for inhibition in an eﬀort to design a
broad-spectrum anti-microbial [15]. It is in this context that we
determined the crystal structure and characterized the bio-
chemical features and enzymatic parameters of DHDPS from
a methicillin resistant strain of S. aureus, spp. COL. Here we
report that S. aureus DHDPS is a dimer, both in solution
and in the crystal. It is not feedback inhibited by lysine. A
comparison between the native and pyruvate-bound forms of
this enzyme provides a structural basis for the activation of
this enzyme whereby the catalytic triad is drawn closer to facil-
itate proton transfer upon pyruvate binding. The structure of
S. aureus DHDPS thus provides a view of a minimalist
DHDPS and suggests alternative routes to regulate the activity
of this enzyme.2. Materials and methods
2.1. Cloning, expression and puriﬁcation of recombinant DHDPS and a
C-terminal deletion variant
The dapA gene encompassing 885 base pairs was ampliﬁed from S.
aureus COL genomic DNA using 5 0GTTCGCTAGCATGACACA-
TTTATTTGAGGGT30 and 5 0CGTCTCGAGCTCATTTTCA CCC-
GCTTT 3 0 as forward and reverse primers. 5 0CGTCTCGAGTable 1
Summary of data collection, processing and reﬁnement statistics
DHDPS (
Resolution (A˚) 2.3 (2.3–2.
Space group P6422
Unit cell parameters a = b = 11
c = 179.15
Total no. of observations 169564 (1
Total no. of unique observations 30624 (36
Rsym (%)
b 7.4 (39.7)
Mean I/rI 16.0 (3.6)
Completeness (%) 97.2 (80.8)
Multiplicity 5.5 (4.8)
Reﬁnement statistics
Rcryst (%)
c 20.0
Rfree (%)
d 24.7
Total no. of residues 583.0
No. of water molecules 133.0
Ligands Glycerol
RMSD bond length (A˚) 0.018
RMSD bond angle () 1.77
Ramachandran plot analysis
Most favoured (%) 91.6
Additionally allowed (%) 7.7
Generously allowed regions (%) 0.4
Disallowed region (%) 0.4
Temperature factor statistics
B-factor (Wilson plot) (A˚2) 43.2
B-overall (Patterson) (A˚2)e 34.2
B-overall (reﬁned structure) (A˚2) 31.6
aValues for outer shells are given in parentheses.
bRsym = RjjÆIæ  Ijj/RÆIæ where Ij is the intensity of the jth reﬂection and ÆIæ i
cRcryst = RhkljF0  Fcj/RhkljF0j.
dRfree was calculated as for Rcryst but on 5% of the data excluded from the
eCalculated by sfcheck [17].TCCACTTTGTTGAGCATC3 0 was used as the reverse primer to ob-
tain a deletion mutant lacking 68 residues. Both the full length dapA
gene (DHDPS-FL) and the C-terminal variant (DHDPS D228–295)
were cloned between the NheI and XhoI sites in the pET22b expression
vector with a poly-histidine tag at the C-terminus. Both these proteins
were over-expressed in BL21(DE3) cells using 0.5 mM IPTG for induc-
tion. Post induction, the cells were further grown at 21 C for eight
hours. Cells were harvested by spinning at 6000 rpm for 10 min in a
refrigerated Kubota centrifuge at 4 C. E. coli cells were resuspended
in lysis buﬀer (50 mM Tris–HCl, pH 7.5, 250 mM NaCl and 1 mM
phenylmethylsulfonylﬂuoride (PMSF)) and lysed by sonication. The
supernatant from this step was bound to Ni2+-NTA aﬃnity beads (Sig-
ma–Aldrich Co.) for 1 h at 4 C. Non-speciﬁcally bound proteins were
washed oﬀ by passing up to 10 mM imidazole in 50 mM Tris, 250 mM
NaCl, pH 7.5 (25–30 ml). The protein was eluted with a gradient of
imidazole from 10 mM to 200 mM in 50 mM Tris and 250 mM NaCl,
pH 7.5. The fractions containing the protein were concentrated using a
stirred cell apparatus (Amersham Biosciences) with a 10 kDa cut-oﬀ
membrane. The concentrated protein (3–4 ml) was further puriﬁed
by gel ﬁltration using a S-200 column equilibrated with 50 mM Tris,
250 mM NaCl, pH 7.5.
2.2. Crystallization and structure solution
Initial crystallization conditions were determined using crystalliza-
tion kits from Hampton Research. Silicon oil and Paraﬃn oil were ob-
tained from Hampton. These conditions were experimented using both
the hanging-drop and sitting-drop method under oil at 293 K, where
the drop typically contained 2 ll protein solutions (10 mg/ml concen-
tration) and 2 ll precipitating reagent. The preliminary conditions con-
taining ammonium sulfate were further optimized by varying the pH
and salt concentrations. A single crystal grown in 2.0 M ammonium
sulfate and 0.1 M bis-Tris pH 6.5 was used for data collection. Pyru-
vate-bound crystals were obtained by growing the crystals in presencenative)a DHDPS–pyruvate complex
4) 2.2 (2.2–2.3)
P6422
8.68A˚, a = b = 117.44A˚,
A˚ c = 182.61 A˚
7321) 397591 (56021)
22) 38506 (5505)
10.0 (45.5)
21.7 (6.6)
100.0 (100.0)
10.3 (10.2)
19.0
23.7
581.0
242.0
Pyruvate
0.013
1.40
92.7
6.5
0.4
0.4
26.5
29.0
18.1
s the average intensity.
reﬁnement calculation.
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the home source on a MAR345 detector mounted on a Rigaku RU300
X-ray generator. This data was collected at 1 oscillation/image. Data
for the pyruvate-bound crystal was collected at station 10.1 of the
Daresbury Synchrotron Radiation Facility on a CCD detector with
0.5 oscillation/image. Both data sets were processed using MOSFLM
[16] and scaled using SCALA [17]. The DHDPS structure was solved
by molecular replacement using Phaser with the T. maritima DHDPS
monomer (RCSB code 1O5K) as the search model. This provided an
initial model with a log likelihood gain of 640 [17]. This was further
reﬁned using Refmac5 with iterative cycles of restrained reﬁnement
and manual model building using COOT [18]. As the crystal asymmet-
ric unit contained two molecules, reﬁnement was carried out with tight
NCS restraints till R-free reached to a value of 30.0%, after which NCS
restraints were relaxed and solvent molecules were added and further
reﬁnement was carried out. The ﬁnal model has been reﬁned to an
R-free of 25.0% and R-factor of 20.0%. The data collection and reﬁne-
ment statistics are compiled in Table 1.
2.3. Assay for catalytic activity
DHDPS activity was examined by using a DHDPR (DapB) coupled
reaction [19]. A typical assay reaction mixture contained 100 mM
HEPES, pH 8.0, 0.2 mM NADH, 20–25 lg of DHDPR and diﬀerent
concentrations of ASA and pyruvate in a reaction volume of 100 ll.
ASA was prepared by the ozonolysis method [20]. The progress of
the reaction was monitored by noting a decrease in absorbance atFig. 1. Sequence and structural features of Staphylococcus aureus DHDP
arrangement of a b/a TIM barrel followed by a a helical bundle is conserved
helical domain. Residues involved in dimeric arrangements are highlighted
MUSTANG [32]. (b) The dimeric interface of DHDPS is well conserved whe
This visualization of sequence conservation in the context of the structure w
DHDPS. This enzyme can self-associate as a dimer of dimers to yield a tetram
tumefaciens.340 nm. Initial velocity measurements were also carried out in presence
of several concentrations of L-lysine. Both DHDPS-FL and DHDPS
D228–295 proteins were assayed under similar conditions. DHDPR
used in the coupled assay was also cloned from the S. aureus COL gen-
ome and expressed in E. coli BL21 (DE3) cells (unpublished data).3. Results and discussion
3.1. Structural studies on S. aureus DHDPS
The crystal structure of S. aureus DHDPS were solved in the
native form and in complex with pyruvate at 2.3 A˚ and 2.2 A˚
resolution, respectively. There are two monomers of DHDPS
in the crystallographic asymmetric unit. Most of the 295 resi-
dues were modeled into well-deﬁned electron density except
one residue at the N- and three residues at the C-termini.
The (a/b)8 TIM barrel domain at the N-terminus comprises
residues 1–227 while residues 228–295 form a three helical bun-
dle at the C-terminus. Most residues lie in the most favoured
and additionally allowed regions of the Ramachandran plot
except Tyr-109 and Lys-111 of each monomer. The unusual
conformation of Tyr-109 has also been noted in other reportedS. (a) Sequence comparison of DHDPS suggests that the domain
across species. The sequence enclosed in the box corresponds to the a
in magenta. This structure based sequence alignment was made using
reas the interface that contributes to a higher order arrangement is not.
as obtained using CONSURF [33]. (c) Quaternary arrangement(s) of
er as in the case of E. coli DHDPS or a hexamer in the case of the A.
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logues, the active site is located at the C-terminus of the
TIM barrel domain ensconced in the subunit interface of the
tight dimer. The catalytically important Lys-163 and the pro-
ton relay catalytic triad comprising Thr-46, Tyr-109 and Tyr-
135 of S. aureus DHDPS superpose well with that of E. coli
homologue. The structure of the S. aureus enzyme co-crystal-
lized with the substrate shows clear continuous electron den-
sity for the ene-form of the pyruvate moiety extending from
the NZ of Lys-163.Fig. 2. Structural basis for the ping-pong reaction mechanism. (a) Reaction
the active sites of pyruvate-bound (cyan) and native (gray) forms of S. aureus
the DHDPS–pyruvate complex. The pyruvate (enamine intermediate) could b
the catalytic triad comprising Thr-46, Tyr-109 and Tyr-135. The pyruvate-bo
the apparent shrinking of distances between these catalytic residues to faciliThe quaternary structure of S. aureus DHDPS is diﬀerent
from other characterized homologues – this enzyme is dimer
both in the crystal and in solution. The homodimeric arrange-
ment was conﬁrmed by gel ﬁltration and dynamic light scatter-
ing experiments (Supplementary Fig. 1). There are two
molecules of DHDPS present in the asymmetric unit. About
3300 A˚2 (13.0%) of the total surface area is buried at the inter-
face between the two monomers (Fig. 1). This packing is sim-
ilar to the dimeric arrangement of subunits in DHDPS
homologues, notably those from E. coli and A. tumefaciens.scheme for the catalytic mechanism of DHDPS [11]. (b) Stereo view of
DHDPS. (c) Electron density (map drawn at 1.2 r level) at Lys-163 in
e clearly modeled at this residue. (d) Schematic of the distances between
und (inner triangle) and native DHDPS (outer triangle) demonstrates
tate proton transfer.
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between the S. aureus enzyme and its homologues (Fig. 1). The
key diﬀerences between these homologues lie in the higher or-
der oligomeric arrangements (Supplementary Fig. 2 and Sup-
plementary Table 1). In case of E. coli DHDPS for example,
the two dimers are related by a crystallographic two fold sym-
metry forming a homo-tetramer with an interface that buries
about 1400 A˚2 of surface area (about 7% the total surface
area). A hypothetical tetramer in the case of the S. aureus en-
zyme would involve just about 800 A˚2 of overlap at the inter-
face. Recent reports suggest that the dimeric form of DHDPS
from E. coli is catalytically inactive [13,14]. It is pertinent to
note in this context that the function of the hexameric DHDPS
from A. tumefaciens remains to be experimentally conﬁrmed.
3.2. Mechanistic features of the S. aureus DHDPS enzyme
The condensation reaction catalyzed by DHDPS is best de-
scribed by a ping-pong mechanism [10,11,21]. In this reaction
scheme (Fig. 2), pyruvate ﬁrst binds DHDPS leading to a
covalently bound enamine intermediate with the release of
water. This step is irreversible. The next step involves the bind-
ing of ASA to the pyruvate-bound enzyme to form an acyclic
enzyme bound intermediate, the eventual transiminition ofFig. 3. Reaction proﬁles of S. aureus DHDPS. Panels (a) and (b) depict the M
for the catalytic reaction. In this assay, one unit of enzyme activity is equal to
shown in this graph are d (0.09375 mM), s (0.1875 mM), . (0.375 mM
concentrations are d (0.075 mM), s (0.15 mM), . (0.375 mM), , (0.75 mMwhich gives 4-hydroxy-tetrahydrodipicolinate (HTPA) with
the regeneration of the enzyme. Binding of ASA to the free en-
zyme results in a dead-end complex. The catalytic triad com-
prising Thr-46, Tyr-109 and Tyr-135 are involved in the
transfer of protons from the active site to the bulk solvent
(Fig. 2). The proton relay motif in the crystal structure of
the free S. aureus DHDPS showed disruptions similar to that
observed in the M. tuberculosis enzyme. However, in the case
of the pyruvate-bound structure the side chains of this triad
appear closer – the distances between the hydroxyl groups in
the free/bound states are Thr46–Tyr109 4.8/2.62 A˚, Tyr109–
Tyr135 6.65/4.50 A˚ and Tyr135–Thr46 4.7/2.7 A˚. This appar-
ent shrinking of distances to facilitate proton transfer suggests
that the catalytic triad is triggered into operation only upon
the binding of pyruvate.
Kinetic data for the S. aureus enzyme were ﬁtted into a ping-
pong kinetic model using the sigma plot Enzyme Kinetics 1.3
module to obtain a ﬁt with an R2 value of 0.985. The calcu-
lated Vmax value is 5.3 ± 0.42 lmols/sec/mg with Km for the
pyruvate and ASA being 0.12 ± 0.01 mM and 0.33 ±
0.025 mM, respectively (Fig. 3). As noted earlier, these kinetic
parameters are often not directly comparable with the other
DHDPS homologues due to diﬀerences in the preparation ofichaelis–Menten and panels (c) and (d) are the Lineweaver–Burk plots
the loss of one micromole of NADH per second. ASA concentrations
), , (0.75 mM), n (1.5 mM) and h (3.0 mM) while the pyruvate
), n (1.5 mM) and h (3.0 mM).
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to that reported for DHDPS from M. tuberculosis. Interest-
ingly, the Vmax of DHDPS from these gram-positive bacteria
is much higher than the E. coli enzyme. The apparent high
Vmax value of theM. tuberculosis DHDPS was suggested to re-
ﬂect the increased importance of DAP in the peptidoglycan
layer of mycobacteria [9].
Although a potential route to DHDPS inhibition ﬁrst ap-
peared likely with R-ASA, the substrate enantiomer, recent
data on the stereo-selectivity of the substrate suggests that this
analogue cannot be fruitfully pursued further [21]. In an eﬀort
to identify other regulatory or allosteric motifs, the role of the
three helical domain located at the C-terminal end of the TIM
barrel scaﬀold in catalysis was examined (Fig. 1). This domain
comprises helices a9, a10 and a11 and appears ﬁxed in position
by several hydrogen bonds and ionic interactions. The residues
involved in these interactions are conserved across DHDPS
homologues. In particular, the role of a conserved Asn residue
in the helical domain of the E. coli enzyme (Asn-249 in S. aur-
eus, Supplementary Fig. 3) was critically examined based on its
proximity to the active site [22]. In the S. aureusDHDPS struc-
ture, Asn-249 is hydrogen bonded to Thr-47 along with inter-
actions with Arg-140 from the TIM barrel domain. A variant
of DHDPS lacking the three helical domain was engineered
and puriﬁed (D228–295 DHDPS). This deletion mutant of
DHDPS showed a signiﬁcant reduction (about 250-fold) in
enzymatic activity as compared to full length S. aureus
DHDPS. As the three helical bundle also forms the lid of the
entrance to the active site (close to Arg-140 that binds ASA),Fig. 4. Rationale for the absence of feedback inhibition by lysine in S. aureu
DHDPS. The dotted circles indicate the lysine binding pocket in E. coli an
potential was calculated by using the program APBS [34]. (c) Overlay of re
(cyan) DHDPS. The bound lysine (wheat) corresponds to the inhibited E. cwe hypothesize that this deletion could have either altered
the orientation of Arg-140 or the local pKa of either Arg-140
or the catalytic triad thereby reducing the catalytic eﬃciency
of this enzyme. Restricting the movement of the helical lid do-
main in DHDPS could thus form a potential strategy to inhibit
this enzyme.
An intriguing feature in the regulation of DHDPS activity
lies in the feedback inhibitory mechanism by lysine [23]. Plant
DHDPS is highly sensitive with an IC50 of 15–20 lM [24–27],
DHDPS from gram negative bacteria is less sensitive with an
IC50 of 0.25–1.0 mM [28,29] whereas DHDPS from gram posi-
tive bacteria [9] are the least aﬀected with an IC50 of up to
250 mM. As in case of the mycobacterial homologue, S. aureus
DHDPS also shows poor feedback inhibition by lysine – the
IC50 is in the range of 225 ± 20 mM for S. aureus DHDPS in
presence of excess of substrates. It has been proposed that
the apparent variation in inhibition by lysine is due to the
range of substrate concentrations used – thereby suggesting
that the concentration of lysine was not large enough to clearly
determine which kinetic parameter was modiﬁed. The lysine
binding site is well characterized in some DHDPS homologues.
In the crystal structures of N. sylvestris [5] and E. coli DHDPS
[30], for example, two molecules of lysine bind at the mono-
mer–monomer interface. Major interactions that stabilize the
bound lysine in these cases are interactions with phenolic oxy-
gen of Tyr-106, in addition to contacts with Asn-80 and Glu-
84. Out of the eight residues involved in lysine binding in E.
coli DHDPS, two residues His-56 and Glu-84 are substituted
by lysine (Lys-58 and Lys-86) in the S. aureus enzyme. Theses DHDPS. (a) and (b) Surface charge potential of S. aureus and E. coli
d the corresponding region in S. aureus DHDPS. The surface charge
sidues at the lysine binding pocket of E. coli (magenta) and S. aureus
oli DHDPS (RCSB code 2ATS).
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altering the charge property of the binding pocket resulting in
weaker binding of lysine (Fig. 4). It is pertinent to note here
that a point variant of Glu-162 to Lys in maize DHDPS
(equivalent to Glu-84 of E. coli DHDPS) rendered this enzyme
insensitive to feedback inhibition [22,31]. This diﬀerence in the
allosteric eﬀector binding pocket of the S. aureus DHDPS
could also provide an alternate site for the design of inhibitors
for this enzyme.
To summarize, the crystal structure and enzymatic charac-
teristics of S. aureus DHDPS suggest signiﬁcant diﬀerences be-
tween this enzyme and its homologues. The changes in the
catalytic site upon pyruvate binding provide a structural basis
for the ping-pong reaction mechanism. The diﬀerent quater-
nary arrangement and a distinct allosteric pocket in this en-
zyme can thus provide a good structural template for the
design of inhibitors for this enzyme.
The coordinates and structure factors for native S. aureus
DHDPS and the pyruvate complex have been deposited with
the Protein Data Bank (PDB codes 3DI0 and 3DI1).
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